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Although embryonic patterning and early development of the nervous system have been studied
for decades, our understanding of how signals instruct ectodermal derivatives to acquire speciﬁc
identities has only recently started to form a coherent picture. In this mini-review, we summarize
recent ﬁndings and models of how a handful of well-known secreted signals inﬂuence progenitor
cells in successive binary decisions to adopt various cell type speciﬁc differentiation programs.
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Fig. 1 – (A) Flowchart showing the speciﬁcation of ectodermal progenitor cell types in the vertebrate embryo as a function of time
through the blastula, gastrula and neurula stages and the signaling pathways active at each step. The schematic is based on a
variety of suggested models (see text). αWnt and αBMP represent antagonists of Wnt and BMP signaling, respectively. (B)
Schematic representation of a chicken embryo at early blastula, late blastula, late gastrula and neurula stages, depicting the
regions of progenitors as color-coded in (A).
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The vertebrate ectoderm gives rise to four major functional
structures: the central nervous system (CNS), the cranial
placodes and neural crest cells, which together build up the
peripheral nervous system (PNS), and the skin. These are
represented at early stages by relatively homogenous ﬁelds of
neural, neural plate border (herein named border) and epider-
mal progenitors. The newly formed neural and border terri-
tories are then subdivided into broad regions of uncommitted
progenitors along the rostro-caudal and dorso-ventral axes of
the embryo. Thereafter, the broad pattern is reﬁned into
smaller sub-regions, and speciﬁc mature cell types differentiate
within each region. This view is however somewhat simpliﬁed,
since the above phases overlap in time at different rostro-
caudal and dorso-ventral levels, depending on the temporal
exposure to different signaling pathways.
By now it is well known that cell fate choices are regulated by a
restricted set of signaling pathways which are re-used during
development. The development of speciﬁc cell types depends not
only on the spatiotemporal expression of individual extracellular
signaling molecules, but also on the location of their receptors
and endogenous inhibitors. Moreover, the role of a particular
signal varies and will depend on the concentration, time of
exposure and combination with other signaling molecules. Most
importantly, the identity taken by a cell in response to a particular
signal depends on its competence to interpret the signal, i.e what
kind of progenitor it is, which in turn depends on what signals the
cell lineage has been exposed to before.An important task in developmental biology has been, and still
is, to deﬁne how different signaling pathways act and interact to
establish the identity of individual cell types. Cell fate speciﬁca-
tion within the CNS is summarized elsewhere in this special issue
and the speciﬁcation of various cell types in the epidermis have
recently been thoroughly reviewed [1]; hence we will focus our
discussion on the early regionalization of the ectoderm as a whole
and the later speciﬁcation of placodal and neural crest-derived
cell types. The different roles of various signaling pathways at
speciﬁc time points during the speciﬁcation of ectodermal pro-
genitor cell types are discussed throughout the review and
summarized in Fig. 1.Early patterning of the ectoderm
In its ancestral form, early vertebrate development consists of the
establishment of the rostro-caudal axis along the animal-vegetal axis
and the dorso-ventral axis perpendicular to it. The animal-vegetal axis
is initially speciﬁed by gravitation and/or maternal determinants, and
the future ectoderm is located on the animal pole where the
endomesoderm-inducing signals of the Nodal/activin and FGF families
do not reach [2]. As in other bilaterian species such as ﬂies and
annelid worms [3], the dorso-ventral axis of vertebrate embryos is
patterned by an antagonism between BMP signals and BMP inhibitors
such as Chordin [4]. In the ectoderm, BMP activity promotes
epidermal fate, whilst the speciﬁcation of the CNS requires the
absence of BMP signals [reviewed in [5]]. In both chick and Xenopus,
the gradient of BMP activity patterns the future ectoderm before the
onset of gastrulation, resulting in neural tissue being speciﬁed already
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mammals the shape of the early embryo has been modiﬁed during
the course of evolution in such a way that the neural domain,
corresponding to the dorsal pole, is located medially and the
epidermal domain, corresponding to the ventral pole, is located
laterally. Although the role of the BMP antagonist Chordin is
conserved from annelid worms to human [3], the initial clearance
of BMP signals in the prospective neural ectoderm of amniotes occurs
independently of Chordin or Noggin and rather involves FGF signaling
to modulate BMP activity [7,8]. In addition, during the initial
patterning of the ectoderm, Wnt signaling stands at the top of a
regulatory cascade that restricts BMP activity to the epidermal
ectoderm and FGF activity in the neural ectoderm [9]. The roles of
Wnt and FGF signaling in the speciﬁcation of epidermal and neural
cells, respectively, are conserved in Xenopus [10,11]. Thus, despite a
variable morphology of the early embryo, the basic mechanisms of
ectoderm patterning are widely conserved across species.Border speciﬁcation
The border territory comprising PNS progenitors appears soon after
neural induction between the neural and epidermal anlagen, before
the rostro-caudal patterning of the ectoderm becomes apparent [12].
The border can grossly be deﬁned as the region of the ectoderm
where placode and neural crest progenitors are generated, although
the cell population of the border might be dynamic at the earliest
stages and intermingled with neural and epidermal precursors
[13,14]. To date, there is no known marker deﬁning the entire initial
border domain. Rather, genes of the Dlx, Msx, Pax3/7, Six1/4 and Zic
families are expressed in broader domains and deﬁne the border in a
combinatorial manner. Therefore, border speciﬁcation has been
assessed by modulating signals during late blastula and gastrula
stages followed by monitoring the effects on the generation of
placodal and neural crest cells [12,15–20].
Placodes are transient thickenings of the ectoderm at speciﬁc
positions of the vertebrate embryonic head. At the level of the
prospective forebrain, the rostral border consists of progenitors of
the adenohypophyseal, olfactory and lens placodes. Cells of the
caudal border differentiate into neural crest cells close to the neural
plate. Caudal border cells also give rise to trigeminal, otic and
epibranchial placodes, located in between the neural crest and the
epidermis. In addition, Rohon-Beard sensory neurons, lateral line
and profundal placodes are generated in the caudal border of ﬁsh
and amphibians. Apart from the adenohypophyseal, all of the
placodes contribute to sensory components of the PNS. The hypo-
physeal placode eventually forms the endocrine part of the pituitary,
and the lens is the only placode that does not give rise to any
neuronal derivatives. The individual placodes and neural crest give
rise to speciﬁc cell types of the PNS depending on the molecular
instructions that regulate cell differentiation. In addition, the neural
crest generates a vast variety of non-neuronal cells including
cartilage and bone and pigmented cells.
Results from mouse, chick, zebraﬁsh and Xenopus have shown that
the speciﬁcation of border derivatives requires BMP activity [12,17–
19,21–25], implicating a conserved mechanism for border induction
by BMP signals. Thus, current models of placodal and neural crest
speciﬁcation involve BMP signals; however, compared to epidermal
cells, progenitors of speciﬁc placodes and the neural crest might
require lower levels and/or temporal modulation of BMP activity.Temporal aspects of BMP activity
Current models of neural crest induction suggest that border
formation requires an early phase protected from BMP activity,
during which the progenitor cells keep a neural character
followed by a later phase of BMP activation [12,19]. By late
gastrula stages, when prospective epidermal cells have already
been exposed to BMP activity for several hours, BMP signals begin
to occupy the border region and induce neural crest identity,
provided that Wnt activity is present (see below) [12,19,26].
Supporting this idea, expression of Bmp4 and the BMP target
Dlx5 as well as Smad1/5/8 phosphorylation, indicative of BMP
activity, increase in the border precisely at the stage at which BMP
signals are required for formation of the border domain [12,20].
The delayed activation of BMP in the border has been suggested
to be dependent on Wnt signals. At the late blastula stage in chick,
Wnt activity is up-regulated in the prospective border, where it is
required and sufﬁcient for the up-regulation of BMP at the late
gastrula stages [12]. In chick and Xenopus, Wnt signaling primes
the border cells for later induction and/or maintenance by BMP
activity [12,19]. Using a zebraﬁsh BMP reporter and p-smad1 as a
read out, Wu et al. have shown that the transcriptional regulator
SNW1, expressed in the whole neural plate from early stages on,
promotes BMP activity in the adjacent border at neurula stages,
and is therefore required for neural crest speciﬁcation [26].
Indicative of a similar mechanism in the rostral border, studies in
chick have shown that during the speciﬁcation of olfactory and lens
placodal progenitors BMP activity is required at late gastrula stages,
but not before [12,18]. After the rostral placodal progenitor cells have
been induced, continued BMP activation leads lo lens speciﬁcation,
whilst olfactory placodal cells are generated if BMP signals are
down-regulated [18]. Indeed, at neural fold to neural tube stages,
rostral placodal progenitor cells can switch between an olfactory and
lens placodal identity in response to changes in BMP activity [18,27].
Thus, prolonged time of exposure to BMP signals promotes the
differentiation of lens cells, at the expense of olfactory placodal cells.
Recent ﬁndings in zebraﬁsh and Xenopus suggest an alternative
view for placode speciﬁcation, wherein an early induction of non-
neural character by BMP activity is followed by down-regulation
of BMP activity for the speciﬁcation of placodes [21,22,28,29].
In zebraﬁsh, BMP signals induce a set of transcription factors (tfap2a,
tfap2c, foxi3 and gata3), which act as competence factors for placode
speciﬁcation independent of further BMP signaling [21,22]. After
experimental inhibition of BMP activity from late blastula stages,
combinations of any two of these four competence factors are able to
rescue the general pre-placodal markers, dlx3b and six4.1, neural crest
cells and some speciﬁc caudal placodes. Accordingly, in Xenopus, the
competence of the ectoderm to acquire Six1expression and early
placodal character upon grafting into the border region is restricted
to the non-neural ectoderm that expresses Dlx3 and Gata2 [29].
Interestingly, the adenohypophyseal, olfactory and lens placodes
develop as normal in foxi1-gata3 morphants in which the epibran-
chial, otic and trigeminal placodes are reduced or fail to form [21],
indicating that there is a difference in transcription factor require-
ment between rostral and caudal placodes.
Levels of BMP activity
At gastrula stages, also the concentration of BMP activity becomes
crucial for the development of border versus epidermal
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requires intermediate levels of BMP activity, whereas epidermal
cell identity is maintained by high levels of BMP signaling. Indeed,
animal cap cells in Xenopus can be directed to placodal, neural
crest and neural fates by progressively increasing treatments with
BMP antagonists [30]. In addition, various mutants affecting BMP
signaling levels in zebraﬁsh exhibit a loss or reduction of neural
crest and/or speciﬁc placodal cell type markers as predicted by a
gradient model [25,31]. Also in chick, it has been suggested that
levels of BMP activity play a role to distinguish between the
neural, border and epidermal domains with increasing BMP levels
[18]. Prospective forebrain tissue exposed to intermediate levels
of BMP activity generate cells of olfactory and lens placodal
character, and high levels promote epidermal cells. Consistently,
prospective rostral border cells acquire neural character in the
absence of BMP signals, while they acquire an epidermal identity
when exposed to additional BMP activity [18].
A balance of FGF and BMP signals
FGF signaling is known to negatively modulate BMP activity. During
neural induction, FGF and BMP signals play opposing roles in the
speciﬁcation of neural and epidermal cells, respectively, resulting in
mutually exclusive domains of FGF and BMP activities [7]. Apparently,
these two signaling pathways function in a similar antagonistic
manner during border induction, but this time the two signals co-
exist in the same domain. Within the border region, FGF signals are
required to inhibit epidermal formation [18,20], whereas BMP activity
inhibits the generation of neural cells [12,18]. Consistently, both FGF
and BMP signaling are required for the generation of rostral placodal
and neural crest cells in the border domain of both chick and Xenopus
[12,15,17,18,20,32]. When BMP signaling is blocked experimentally,
prospective rostral placodal cells acquire a neural identity of forebrain
character [18], while prospective neural crest cells acquire neural
midbrain–hindbrain character [17]. Prospective neural crest and
rostral placodal cells deprived of FGF signals instead acquire epider-
mal identity [18,20,33].
FGFs are known to act through the mitogen-activated protein
kinase (MAPK) signaling pathway. A recent publication has shown
that at early gastrula stages in chick, dual-phosphorylated Erk1/2
(dpErk1/2) and phosphorylated (p) Smad1, markers of active FGF-
MAPK and BMP signaling, respectively, are both detected at inter-
mediate levels in the border domain [20]. Interestingly, the expres-
sion of Pax7, an early marker for neural crest progenitors, is inhibited
in the border domain after inactivation of either Erk1/2 or Smad
signaling [20]. Conversely, Pax7+ progenitors and Snail2+/HNK-1+
cells of neural crest identity can ectopically be induced in the
prospective midbrain–hindbrain region by activation of the BMP
pathway [17]. At rostral levels, prospective forebrain cells acquire
olfactory and lens placodal character in response to BMP activity
[18]. Taken together, this indicates that Smad signaling is required
for the induction of neural crest and placodal cells, in an inter-
mediate FGF signaling environment. It is possible that the integra-
tion of BMP and FGF signals, which leads to border speciﬁcation is
mediated by up-regulation of transcription factors of the Zic, Msx,
AP2 and Dlx families [recently reviewed in [34]]. Thus, to our best
knowledge cells of the border including rostral placodal and neural
crest cells are speciﬁed in the region where neural-promoting FGF
signals and epidermal-promoting BMP activity overlap to establish a
balance of these two signals.Hedgehog activity in the rostral part of the border
In zebraﬁsh, at the end of gastrulation, the expression of the
transcription factor pitx3 delineates a domain of adenohypophyseal
and lens placodal progenitors [35]. At later stages, Hedgehog (Hh)
activity speciﬁes placodal cells of adenohypophyseal character from
the pitx3 expressing progenitor pool, while inhibiting lens differentia-
tion. Consistently, it has been suggested that pitx3 is required for the
speciﬁcation of both pituitary and primary lens ﬁber cells [35].
Furthermore, in smoothened mutants, lacking the Hh receptor, pitx3-
expressing medial cells fated to give rise to adenohypophyseal cells
fail to form a pituitary and instead develop ectopic lenses [35]. In
agreement, in talpid3 chick mutants, which have a defective activation
of the Sonic Hh pathway, ectopic lenses develop that are most often
located in the midline deriving from or connected to the hypophyseal
duct [36]. Conversely, over-activation of Hh signaling blocks lens
formation and induces ectopic expression of pituitary genes [35].
Taken together, Hh signals derived from the head mesoderm [35,36]
direct cells to form the adenohypohyseal placode and inhibit lens
differentiation.Roles of Wnt in the border
In chick it has been proposed that at the time the border is
initially speciﬁed Wnt activity triggers BMP-mediated formation
of border cells, giving rise to placodes and neural crest [12]. In
contrast, a recent Xenopus study has suggested that Wnt signals
initially need to be repressed for the generation of the early
border markers, Hairy2 and Dlx5, before Wnt signals are required
for neural crest induction [37]. Thus, further studies regarding the
integration of both timing and levels of Wnt and BMP activity for
the speciﬁcation of border cells and subsequent development of
neural crest and various placodal subtypes need to be performed.
At later stages, Wnt has a conserved role in instructing caudal
identity to ectodermal cells [4]. At the caudal end of the embryo, the
edges of the blastopore (or streak) represent a source of Wnt ligands,
whereas at the rostral end, the newly formed head mesoderm and
foregut endoderm express Wnt antagonists that clear this domain
from Wnt activity. The resulting gradient of Wnt activity speciﬁes
rostro-caudal identity in both the neural and border (prospective
placodes and neural crest) domains [16,17,38–40]. Consistently,
around gastrula stages Wnt signals are required for the generation
of cells of caudal border and caudal neural character, while at the
same time the generation of rostral border and rostral neural plate
cells requires clearance of Wnt activity [12,16,17,38,40]. In chick,
in vitro and in vivo experiments have shown that inhibition of Wnt
signals in caudal border cells prevents the generation of neural crest
cells, and expands the generation of placodal cells [16,17]. Conversely,
in rostral border cells activation of Wnt signals promotes the
generation of neural crest cells, while inhibiting the formation of
placodal cell types [16,17]. In agreement to this, in mouse mutants
deﬁcient in the Wnt-antagonist Dickkopf1 (Dkk1) gene, the rostral
neural folds are transformed into neural crest cells [38]. The rostro-
caudal regulatory role of Wnt signaling acts through primary target
transcription factors such as Otx2 and Gbx2 in both the CNS and the
PNS [39,40], and through Hox and Cdx genes in the caudal part of the
neural tube [41]. Interestingly, this Wnt-regulated patterning system
is also present in the ectoderm of animals that do not possess a
centralized nervous system [4,42].
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between two other domains; the epibranchial placodes and the
otic placodes. At neural fold stages, Wnt signals promote otic
identity, while negatively inﬂuencing epibranchial character. In
this case, sequential activation of the FGF and Wnt pathways has
been shown to be crucial for the individual development of these
placodes. After the induction of a Pax2+ caudal placodal area by
FGF signals, FGF activity needs to be attenuated before Wnt
signals promote otic placodal development and suppress the
generation of epibranchial placodal cells [43].Concluding remarks
Taken together, developmental biology studies give important
insights into how different combinations and interactions of key
pathways regulate cell fate decisions and subsequent differentiation
of individual cell types. This information can be, and indeed has
been, used to direct embryonic stem cells as well as induced
pluripotent cells to speciﬁc cell types, which is of major interest
for today's regenerative medicine. Several of the suggested models
of how neural crest and placodal cell types are speciﬁed have been
successfully used to derive protocols to generate neural crest and/or
placodal cells from mouse and human stem cells in vitro [44–47].
Many diseases, such as neurodegenerative disorders, spinal cord
injury, certain types of blindness and deafness, are a consequence of
body's inability to replace a certain ectodermal cell type. Thus, the
ability to clinically generate an unlimited numbers of deﬁned
ectodermal cell populations is crucial for regenerative medicine
and tissue repair. Another potential usage of the knowledge of
directing stem cell differentiation is the stimulation of endogenous
stem cell niches to promote self-repair.Acknowledgments
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